A factor that promoted the dissociation of ribosomes into ribosomal subunits in a complete globin-synthesizing system was isolated from rabbit reticulocyte ribosomes. The factor stimulated both globin synthesis and the association of the small ribosomal subunit with polyribosomes. The dissociation of free ribosomes by the factor could be followed as an independent reaction in the presence of a high concentration of cycloheximide, which inhibited translation and the resulting accumulation of runoff subunits. This reaction required an energy source and was inhibited by P-(5'-guanylyl)-methylenebisphosphonate. These data suggest that energy generated by hydrolysis of GTP may be a requirement for the dissociation reaction. Aurintricarboxylic acid inhibited the factor-mediated dissociation of free ribosomes but not the factor-mediated preservation of subunits formed on peptide-chain termination.
In mammalian cells or cell preparations engaged in protein synthesis, the ribosomes of polyribosomes dissociate into subunits after completion of translation. These subunits undergo exchange with a pool of ribosomal subunits (1) (2) (3) (4) (5) . Single ribosomes, however, do not readily enter polyribosomes nor do their components exchange with the pool of ribosomal subunits (1) (2) (3) (4) (5) (6) . When initiation of protein synthesis is decreased, single ribosomes accumulate at the expense of polyribosomes, but essentially a constant amount of subunits is maintained. This change in the ribosome cycle is reversible; single ribosomes return to the polyribosome component and again engage in protein synthesis (7) (8) (9) . These observations indicate the existence of a mechanism through which free single ribosomes dissociate into subunits which then function in the initiation of peptide-chains.
We report here that a fraction that contains an initiation factor (IF) from rabbit reticulocyte ribosomes has dissociation factor (DF) activity for these ribosomes in a complete protein-synthesizing system. This factor also promotes the engagement of the dissociated subunits in globin synthesis. Under conditions of active protein synthesis, it is not possible to discriminate between a role of DF in preservation of subunits released from polyribosomes after peptide chain termination and active dissociation of the free ribosome pool, which is formed by combination of such subunits. Differential inhibition of each of the above reactions is described, and an energy source (or GTP) requirement for dissociation of free ribosomes is established. This factor is shown to participate Abbreviations: DF, ribosomal dissociation factor; IF, peptide chain initiation factor; GDP-CH2P, P-(5'-guanylyl)methylenebisphosphonate. 787 both in the dissociation of free ribosomes and in the preservation of subunits formed after peptide chain termination. (12) . Fractions were assayed for IF activity in a protein-synthesizing system containing KCl-extracted ribosomes. This system was prepared by resuspension of the extracted ribosomes in the supernatant fraction of the original lysate to give the original ribosome concentration and supplementation as described below for reticulocyte lysates.
METHODS

Preparation of a Fraction with
Assay of Ribosome Dissociation. Lysates of reticulocytes obtained from phenylhydrazine-treated rabbits were prepared as described (13 (pH 7.6)-10 mM KCl-1.5 mM magnesium acetate]. An aliquot (400 Ml) was layered onto 11.5 ml of a 15-30% (w/w) sucrose gradient containing the above buffer and centrifuged for 150 min at 40 in a Spinco SW41 rotor at 40,000 rpm. The gradients were displaced with 40% (w/w) sucrose at 80 ml/hr, and the absorbance of the effluent at 260 nm was monitored with a Cary 14 spectrophotometer. The remaining portion was used for determination of [14C]leucine incorporation into protein as described (13) .
For evaluation of the energy requirement for ribosomal dissociation, lysates were prepared from intact reticulocytes that had been incubated in medium containing 0.1 M butanol, an agent promoting reversible polyribosome disaggregation (17) . These lysates contained principally single ribosomes and a few ribosomal subunits or polyribosomes. Such preparations did not require the preliminary incubation described above for accumulation of free ribosomes.
The sources of inhibitors of protein synthesis were: cycloheximide from Calbiochem, ammonium salt of aurintricarboxylic acid from Fisher Scientific Co., and P-(5'-guanylyl)-methylenebisphosphonate (GDP-CH2P) from Miles Laboratories.
RESULTS
Factor-Dependent Dissociation of Ribosomes into Ribosomal Subunits and the Resumption of Globin Synthesis. Various amounts of DF were added to mixtures that had been incubated without added hemin. These preparations contained principally single ribosomes and subunits and had become almost inactive in protein synthesis. In the absence of DF no change in either protein synthesis or the ribosome profile occurred during an additional 10-min incubation (Fig. 1A and  B) . After DF was added, both the ribosome profiles and globin-synthesizing activity showed changes in proportion to the amount of factor added ( Fig. 1C-F) . A decrease of the 805 ribosome component and a corresponding increase in subunits were noted, along with changes in the polyribosome region, including an increase in polyribosome components containing an additional small ribosomal subunit at the initiation site (Fig. 1D-F, arrows) . Such polyribosomes were originally shown to accumulate under conditions of fluoride inhibition by Hoerz and McCarty (18, 19) . The observed changes in the ribosome profiles suggested that the factor both dissociated single ribosomes into ribosomal subunits and stimulated polyribosome formation. The appearance of polyribosomes containing an additional small ribosomal subunit is consistent with the observed lesser increase in free ribosomal small subunits compared to the large subunit. These data suggest that the association of the large ribosomal subunit with the small subunit-mRNA complex may be the limiting step in the ribosome cycle of the cell-free system. The dissociation reaction was complete within 6 min at 340, and little dissociation was observed at 00 (data not shown). These observations support the view that the dissociation reaction is stoichiometric rather than catalytic (20) . The DF fraction had IF activity and supported protein synthesis by the KClextracted ribosomes (Fig. 2) .
Energy Requirement for Dissociation of Free Ribosomes.
The dissociation observed upon resumption of globin synthesis ( Fig. 1) could occur either by stabilization of the ribosomal subunits released from polyribosomes upon completion of chain termination (21) or by direct action on the free ribosome pool. Since peptide-chain termination is preceded by elongation, the overall reaction would have requirements common to both peptide-chain elongation and initiation. It was therefore necessary to inhibit elongation and termination in order to determine requirements for dissociation of free ribosomes in the complete lysate system. This inhibition was accomplished by addition of cycloheximide at a concentration that completely blocked protein synthesis and prevented runoff of ribosomes from polyribosomes. Such concentrations of cycloheximide did not prevent the action of DF in dissociation of free ribosomes (Fig. 3) observed in the absence of ATP, GTP, creatine phosphate, and creatine kinase (Fig. 4) . The dissociation of free ribosomes in the presence of the energy source was not due to destabilization of ribosomes by the lower effective Mg++ concentration in the presence of ATP (0.5 mM) and GTP (0. The lysate (100 ,ul) was incubated at 340 with master mixture lacking GTP (60 MIA) for 15 min. Then cycloheximide (4 mM, final concentration) was added, and the incubation was continued for 2 min. Dissociation was determined after addition of DF (84 sMg) and the indicated concentration of GDP-CH2P and GTP (0.6 mM) in a total volume of 220 1Al and incubation for 10 min. Percent dissociation was estimated by the decrease in the area of the 80S component.
obtained in the presence of endogenous nucleotides when only creatine phosphate and creatine kinase were added (data not shown).
Inhibition of Free Ribosome Dissociation by Aurintricarboxylic Acid and GDP-CH2P. Aurintricarboxylic acid blocked the dissociation of free ribosomes in the system inhibited by cycloheximide (Figs. 5 and 6A and B) . In the absence of cycloheximide, aurintricarboxylic acid alone, acting as an inhibitor of chain initiation (22) , promoted the accumulation of single ribosomes at the expense of polyribosomes and caused some ribosome dissociation (Fig. 6C) . When DF was present with aurintricarboxylic acid, it was active in preserving subunits formed on l)eptide-chain termination (Fig. 6D ). Similar observations have recently been reported by Kaempfer and Kaufman (21) . Our results indicate that aurintricarboxylic acid blocked DF-mediated dissociation of free ribosomes but did not interfere with factor-mediated preservation of ribosomal subunits released from polyribosomes on peptide-chain termination.
The inhibitory action of GDP-CH2P on dissociation of free ribosomes by DF (Fig. 5E and F) can be prevented by GTP (Table 1) . Although GDP-CH2P may inhibit some reactions of protein synthesis by a mechanism other than by acting as an unhydrolyzable analogue of GTP (23) , the demonstration of an energy requirement for free ribosome dissociation suggests that GTP hydrolysis may be a required step in this reaction. DISCUSSION Lubsen and Davis (24) described a dissociation factor from rabbit reticulocyte ribosomes that promoted the dissociation of free ribosomes at low Mg++ concentrations, 0.15-0.3 mM. It was inactive when the Mg++ concentration exceeded 1 mM. We have examined the activity of our DF fraction under their assay conditions, and in agreement with their results, found that it did not require an energy source and was only slightly inhibited by GDP-CH2P. Dissociation of ribosomes at low Mg++ concentrations may be due to a small amount of spontaneous dissociation of free ribosomes and the preservation of the resulting subunits as suggested for Escherichia coli ribosomes by Kaempfer (25) .
Kaempfer reported that initiation factor IF-3 of E. coli preserves subunits released after chain termination in a comsomes (25) . Reticulocyte DF, however, participates in both reactions under conditions favorable for protein synthesis. The factor-mediated preservation of subunits reported by Kaempfer and Kaufman (21) could be the preferential reaction in a system actively engaged in protein synthesis, and the factor-mediated dissociation of free ribosomes reported here may be the first reaction to again initiate protein synthesis after it had been terminated. Although the factormediated preservation of subunits that are formed on peptidechain termination may be due to prevention of their association as suggested by Kaempfer (21, 25) , it appears unlikely that its activity in the dissociation of free ribosomes could be due to such a mechanism. The selective inhibition of free ribosome dissociation by aurintricarboxylic acid and the apparent GTP requirement indicate that an interaction between DF and free ribosomes must precede dissociation. This requirement may not be evident when DF activity is assayed at low Mg++ concentration.
Dissociation factors have also been isolated from yeast (26) and rat liver (27) . Such studies were performed with derived and purified 80S ribosomes, and an energy requirement for dissociation was not found. Studies with a bacterial dissociation factor at Mg++ concentrations optimal for protein synthesis have indicated that GTP is a stimulant for dissociation of free ribosomes, but not an absolute requirement, and that GDP-CH2P is as active as GTP (20, 28, 29) . We cannot offer an explanation for this apparent difference between the bacterial and reticulocyte systems.
A ternary complex is formed between an initiation factor, GTP, and Met-tRNAf (or fMet-tRNAf) (30) (31) (32) (33) , and it is possible that this complex is the active form of the initiation factor in protein synthesis. Recently, Chen et al. (34) have observed this reaction with a factor derived from reticulocyte ribosomes. We have confirmed their observations; the DF fraction used in the present study was also capable of forming a complex with GTP and Met-tRNAf, suggesting that such a complex may be the active form of the initiation factor in the dissociation of ribosomes.
Three separable initiation factors from reticulocyte ribosomes (IF-M1, IF-M2, and IF-M3) have been isolated by Anderson and his coworkers (35, 36) . The KCl concentration required for elution of DF from a DEAE-cellulose column indicates that it is IF-M3 (36) . The bacterial dissociation factor is identical with IF-3 (20, 28, 37, 38) .
These studies were initiated as part of an investigation on the mechanism of control of globin synthesis by hemin. This regulation is mediated through translational repressor(s) formed in the absence of hemin (9, 13) . The repressor inhibits peptide-chain initiation, but only during the early stages of its formation can it be overcome by addition of hemin (39) . On prolonged incubation, the repressor loses its ability to be neutralized by hemin, but its inhibitory potency can be decreased by the DF fraction reported here (40) . However, the repressor did not inhibit IF activity of the DF fraction in the KCl-washed ribosome system (40) . The question arose whether the repressor could reduce the activity of this factor in the complete reticulocyte lysate system, which is both sensitive to hemin deprivation and inhibition by repressor.
We found that the repressor had no effect on either the rate or yield of DF activity in this system at a concentration 40-times that needed to inhibit protein synthesis by 50%.
These results indicate that the translational repressor neither plete E. coli cell-free system, but did not dissociate free ribo-combines with or inactivates DF, but that it prevents DF function by an indirect mechanism.
